Fetal loss in animals and humans is frequently associated with inflammatory conditions. D6 is a promiscuous chemokine receptor with decoy function, expressed in lymphatic endothelium, that recognizes and targets to degradation most inflammatory CC chemokines. Here, we report that D6 is expressed in placenta on invading extravillous trophoblasts and on the apical side of syncytiotrophoblast cells, at the very interface between maternal blood and fetus. Exposure of D6 ؊/؊ pregnant mice to LPS or antiphospholipid autoantibodies results in higher levels of inflammatory CC chemokines and increased leukocyte infiltrate in placenta, causing an increased rate of fetal loss, which is prevented by blocking inflammatory chemokines. Thus, the promiscuous decoy receptor for inflammatory CC chemokines D6 plays a nonredundant role in the protection against fetal loss caused by systemic inflammation and antiphospholipid antibodies.
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trophoblast ͉ leukocyte ͉ placenta L eukocyte recruitment is a tightly regulated multistep process involving adhesion molecules and locally produced soluble mediators. Among these, chemokines are essential for leukocyte migration and activation. This large family of cytokines has been classified into four subfamilies (CXC, CC, CX3C, and C) according to the relative position of cysteine residues, and in homeostatic (i.e., produced constitutively) and inflammatory (i.e., produced in response to inflammatory or immunological stimuli) categories according to their production (1) . Biological activities are mediated by a subfamily of chemoattractant receptors belonging to the large family of seven transmembrane domain G protein-coupled receptors (2, 3) . Chemokines also interact with a distinct group of ''silent'' receptors with structural similarity with conventional receptors but lacking signaling function, which includes the Duffy antigen receptor for chemokines (DARC), CCX-CKR, and D6 (4, 5) . D6 binds most inflammatory, but not homeostatic, CC chemokines, internalizes constitutively, and targets the ligand for degradation (6) (7) (8) (9) . Differently from other chemokine receptors, D6 expression has been reported mainly in nonhematopoietic cells and includes endothelial cells lining afferent lymphatic in certain anatomical sites, such as skin, gut, and lung (10) . Evidence from genetargeted animals indicates that D6 plays a nonredundant role in the control of the local inflammatory response by acting as a decoy and scavenger receptor for inflammatory chemokines in the skin (11, 12) . D6 expression has also been detected in placenta (13) , but its cellular location and function in this organ have not been previously investigated. Here, we show that trophoblast cells express D6 and use this molecule to scavenge inflammatory CC chemokines. We also provide evidence that D6 is required to prevent excessive placenta leukocyte infiltration in inflammation-and autoantibody-triggered fetal loss animal models, thus protecting the fetus from abortion.
Results and Discussion
D6 was originally cloned from a placenta expression library (14) . We performed Northern blot experiments confirming previous reports on D6 expression in human placenta (13, 14) , and we extended this observation to murine placenta (data not shown). Immunohistochemical analysis detected elevated levels of D6 on the syncytiotrophoblast monolayer ( Fig. 1 A and E) and on cytokeratin 7-positive anchoring and invading trophoblasts ( Fig.  1 C and D) . Consistent with these findings, the trophoblastderived choriocarcinoma cell lines JAR, JEG-3, and BeWo also express D6 ( Fig. 2A) . In particular, confocal microscopy analysis of the apical and basal pole of polarized BeWo cells and XZ projection obtained by three-dimensional reconstruction of sequential XY confocal scanning images clearly demonstrate that D6 is expressed preferentially on the apical side of the polarized trophoblast cells (Fig. 2B) .
Having demonstrated D6 expression in trophoblast cells and corresponding choriocarcinoma cell lines, we investigated its functional role in this cellular context. To this purpose, the trophoblast cell line HTR8, which does not express either D6 (Fig. 2 A) or inflammatory CC chemokine receptors CCR1-CCR5 (data not shown), was transfected with either CCR5 or D6. As shown in Fig. 2C , the D6 and CCR5 ligand CCL3L1 was able to induce calcium fluxes in CCR5/HTR8 but not D6/HTR8 transfectants. Similarly, CCL3L1 induced migration of CCR5/ HTR8 but not D6/HTR8 transfectants (medium, 10 Ϯ 7 vs. 17 Ϯ 12 cells; 30 ng/ml CCL3L1, 350 Ϯ 14 vs. 10 Ϯ 7 cells, respec-tively). D6 was shown previously to be unable to facilitate chemokine transfer across the lymphatic endothelial cell monolayer (9) . Chemokine transfer through the syncytiotrophoblast monolayer was then evaluated by using the choriocarcinoma BeWo cell line, which expresses some functional properties of the syncytiotrophoblast monolayer (15) , as an in vitro model. Under experimental conditions supporting Ig transcytosis (data not shown), no facilitated transfer of CCL3L1 from the upper to the lower compartment (Fig. 2D ) nor in the opposite direction (data not shown) was observed. The progressive reduction of CCL3L1 concentration in the upper compartment at a rate significantly higher than that of CXCL8/IL-8, a chemokine not recognized by D6, was suggestive of a D6-dependent chemokine degradation process in trophoblast cells, as demonstrated previously in other cell contexts (6, 9 ). D6 was therefore tested for its ability to sustain chemokine scavenging in this cellular context. BeWo cells and D6/CHO-K1 transfectants scavenged with a comparable efficacy the D6 ligands CCL2, CCL3L1, and CCL22, whereas the non-D6 ligands CCL3 and CXCL8/IL-8 were not affected (Fig. 2E) . Similar results were obtained with the choriocarcinoma cell lines JAR and JEG-3 (data not shown), which also express endogenous D6 (Fig. 2 A) . The D6-mediated chemokine degradation was demonstrated by using HTR8 cells, which do not express D6. Although mock-transfected cells did not degrade significant amounts of 125 I-CCL4, D6/HTR8 transfectants efficiently degraded 125 I-CCL4, as demonstrated by the time-dependent decrease of the TCA-precipitable (presumably intact) radioactive fraction, paralleled by the increase of the TCA-soluble (degraded) radioactive fraction (Fig. 2F) . A minor (4%) fraction of intracellular radioactivity was also observed in D6 transfectants but not in mock transfectants (data not shown). The specificity of chemokine scavenging and the absence of signaling inflammatory CC chemokine receptors in these cell lines are consistent with D6 accounting for the observed chemokine scavenging and degradation.
Collectively, these results are consistent with a function for placental D6 as a nonsignaling chemokine scavenger receptor (11, 12) , with the possible role of dampening placental inflammation under pathologic conditions. To test this hypothesis, the role of D6 in two animal models of fetal loss associated with inflammatory conditions was investigated. The first model was based on the induction of a systemic inflammatory response in mice by LPS treatment (16) , an animal model mimicking a clinical condition frequently associated with abortion and preterm delivery in humans (17) . Injection of pregnant D6 Ϫ/Ϫ mice with LPS resulted in a significant increase in fetal loss frequency (Fig. 3A) and in the frequency of mice showing fetal loss (Fig.  3B ) compared with LPS-injected WT animals. Both parameters were significantly reduced by a mixture of antibodies blocking inflammatory CC chemokines but not irrelevant antibodies, indicating that inflammatory chemokines play a pathogenic role in this model ( Fig. 3 C and D) . Treatment with irrelevant antibodies increased LPS embryotoxicity in D6 Ϫ/Ϫ but not in WT mice ( Fig. 3 C and D) . Although this effect was not investigated in detail in this work, it could be attributed at least in part to the increased production of inflammatory chemokines associated with the simultaneous exposure to LPS and Fc␥R engagement (18, 19) . The complete recovery after treatment with chemokine-blocking antibodies supports this hypothesis ( Fig. 3 C and  D) . The second fetal-loss model was based on the injection of antiphospholipid (aPL) autoantibodies purified from patients affected by the antiphospholipid syndrome (APS) (20, 21) . This disorder is characterized by recurrent thrombosis and fetal loss in the presence of pathogenic autoantibodies reacting against phospholipid-binding proteins (mainly ␤ 2 -glycoprotein I) (21) (22) (23) . Passive infusion of human aPL was shown to induce fetal loss in pregnant naïve mice by triggering a local inflammatory and necrotic process at the placental level (21, 23) . Passive transfer to pregnant mice of IgG fractions from healthy women had no effect on pregnancy, whereas aPL-containing Ig fractions from APS patients induced a significant rate of fetal loss ( Fig. 3E ) and a significant increase of affected animals ( Fig. 3F ) in both WT and D6 Ϫ/Ϫ animals. As for the LPS-dependent model, D6
Ϫ/Ϫ animal susceptibility was significantly increased compared with WT animals (Fig. 3E) .
In both experimental conditions, the role of inflammatory chemokines has never been investigated, although the involvement of primary inflammatory cytokines has been previously demonstrated (20, 24) . To assess whether the protective function of D6 was indeed related to impaired control of inflammatory chemokines, circulating levels of CC inflammatory chemokines scavenged by D6 were measured after LPS administration. In nonpregnant mice, where kinetic analysis was possible, basal concentrations and peak levels were superimposable in WT and D6 Ϫ/Ϫ mice for CCL22 (Fig. 4A), CCL2 (Fig. 4B) , and CCL3 (Fig. 4D ), and they were significantly different only for CCL11 (Fig. 4C) . On the contrary, at later time points, all inflammatory CC chemokines but CCL3, which disappeared very quickly from circulation, showed significantly higher concentrations in D6 Ϫ/Ϫ mice, similar to what has previously been described in other experimental conditions (11, 12) . No difference either in basal conditions or after LPS exposure was observed for CXCL2, which is not recognized by D6 (Fig. 4E) . Similar results were obtained when chemokines were measured in sera from LPStreated pregnant animals (Fig. 4 F-J) . To gain insight into the molecular mechanisms responsible for exacerbated LPS-driven fetal loss in D6 Ϫ/Ϫ animals, inflammatory chemokines were investigated in placenta. Compared with WT animals, D6 Ϫ/Ϫ mice displayed higher concentrations of all D6-binding chemokines (Fig. 4 K-N) . Levels of CXCL2, which is not recognized by D6, did not differ between WT and D6 Ϫ/Ϫ animals (Fig. 4O) . Increased chemokine levels in D6 Ϫ/Ϫ placenta are likely the result of reduced scavenging and not augmented local produc- tion because there were no differences in the levels of chemokine mRNA, detected by quantitative PCR analysis, between LPSinjected WT and D6 Ϫ/Ϫ mice (data not shown). These results and the protective effect of chemokine-blocking antibodies highlight a previously unrecognized role of inflammatory chemokines in fetal abortion induced by inflammatory stimuli, and they demonstrate that the absence of the scavenging function of D6 results in a prolonged persistence of chemokines and causes increased susceptibility to inflammation-driven fetal loss.
To evaluate the functional implication at placental level of inappropriate control of the chemokine system in the absence of D6, a histological evaluation of infiltrating leukocytes was conducted. Placenta from saline-treated WT and D6 Ϫ/Ϫ animals did not differ for any resident leukocyte population evaluated, including CD68 ϩ macrophages (Fig. 5A ), CD3 ϩ T lymphocytes (Fig. 5B) , Gr1 ϩ neutrophils (Fig. 5C) , and natural killer (NK) cells (data not shown). LPS treatment had no effect on the number of placental NK cells, nor in WT or D6
Ϫ/Ϫ mice (data not shown). On the contrary, LPS induced a significant increase in the number of macrophages (Fig. 5A ) and T lymphocytes (Fig.  5B) infiltrating placenta in D6
Ϫ/Ϫ mice but not in WT littermates. LPS also caused a time-dependent increase in the infiltration of neutrophils, but to similar levels in WT and D6 Ϫ/Ϫ mice, consistent with the selective regulation of CC and not CXC chemokines by D6 (Fig. 5C ). Decoy receptors are nonsignaling molecules that play a regulatory role in different cytokine and growth factor systems by sequestering agonists and/or components of the signaling receptor complexes (25) . Originally formulated for the IL-1 type II receptor (26) , the decoy receptor paradigm has now been applied to the IL-1, TNF␣, IL-10, IL-4/IL-13, and other receptor families (25) . Evidence obtained in vitro suggested that the ''silent'' chemokine receptor D6 could exert a similar function for inflammatory CC chemokines (9) , and subsequent in vivo results demonstrated its role in the control of inflammation in tissues and draining lymph nodes (11, 12) . The results reported here demonstrate that D6 is also expressed in placenta by the syncytiotrophoblast, at the very interface with maternal blood, and by invading extravillous trophoblasts.
Chemokines are normally produced by both fetal and maternal components and play a significant role in the extensive leukocyte trafficking observed in placenta, which is required to maintain the balance between protection of the developing embryo/fetus and tolerance of its hemiallogeneic tissues (27) . In D6 Ϫ/Ϫ mice we observed normal placenta development and a fertility index comparable with those of WT animals, suggesting that D6 is unlikely to play a major role in homeostatic conditions. On the contrary, results in gene-targeted animals clearly highlight its nonredundant function in the control of placental inflammation of different origin. Interestingly enough, D6 expression on the syncytiotrophoblast monolayer strictly resembles that of the decay-accelerating factor, which has also been proposed as a protective mechanism preventing complementmediated placenta attack (28) . In conclusion, D6 is a unique seven-transmembrane domain chemokine scavenger receptor, strategically located at the fetal-maternal interface to dampen placental inflammation. The chemokine system is a prime target for the development of new therapeutic strategies for diverse disorders (29) . The results reported here raise the possibility that strategies blocking inflammatory CC chemokines may protect against unwanted fetal loss in humans.
Materials and Methods
Reagents and Cell Lines. Recombinant chemokines and ELISA detection kits were purchased from R&D Systems (Minneapolis, MN). LPS (from Escherichia coli 055:B5) and laboratory reagents were purchased from Sigma-Aldrich (St. Louis, MO).
The human choriocarcinoma cell lines BeWo, JAR, and JEG-3 (RZPD Consortium, Berlin, Germany) were grown in DMEM/ F12 supplemented with 10% FCS. CHO-K1 transfectants were described previously (9) . HTR-8/SV40neo trophoblast cells, obtained from explant cultures of human first-trimester placenta immortalized by transfection with the SV40 large-T antigen and expressing phenotypic properties of extravillous placental cytotrophoblasts (30), were grown in RPMI medium 1640 supplemented with 10% FCS and transfected with the hCCR5/ pcDNA6 or hD6/pcDNA6 expression plasmids by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) (6). Blasticidinresistant cells were stained by using mouse anti-human CCR5 mAb (R&D Systems) or rat anti-human D6 mAb (R&D Systems) and sorted by using a FACSVantage flow cytometer (BD Biosciences, San Jose, CA). Tranfectants used in functional tests showed receptor expression levels Ͼ90%.
RT-PCR and Quantitative PCR. Total RNA was extracted from cell pellets or placenta tissues by using TRIzol (Invitrogen) and treated with DNase I (Ambion, Austin, TX) to remove genomic contamination. cDNA was generated by using SuperScript firststrand synthesis systems (Invitrogen). Quantitative PCR was performed by using 2ϫ SYBR green PCR master mix (Applied Biosystems, Foster City, CA) in a 7900HT fast real-time PCR system (Applied Biosystems). Data were normalized for ␤-actin expression. Primers are listed in supporting information (SI) Table 1 .
Immunohistochemistry and Immunofluorescence Analysis. D6 expression was analyzed in first-trimester human placental tissues obtained after elective termination of pregnancy. Tissue fragments of Ϸ1 cm 3 were embedded in OCT (Sigma), snap-frozen in liquid nitrogen, and kept at Ϫ80°C. Immunoperoxidase staining was performed on 6-m cryostat sections incubated with rat antihuman D6 mAb or an irrelevant isotype control antibody, followed by horseradish peroxidase (HRP)-labeled secondary antibody (Sigma) and enzymatic reaction development by using 3,3Ј-diaminobenzidine (DAB). Invading extravillous trophoblasts were identified by staining the same section with an anti-human cytokeratin 7 FITC-labeled mouse mAb (Dako Cytomation, Milan, Italy). Leukocyte infiltrate in murine placenta was analyzed at indicated time points after LPS (0.4 mg/kg in 200 l of saline) injection in mice at day 7 of pregnancy. Placentas were collected, and 8-m consecutive frozen sections were mounted on Superfrost slides (Bio-Optica, Milan, Italy). After rehydration with PBS, sections were incubated with primary antibodies and subsequently with Envisionϩ system/HRP-labeled polymer (Dako Cytomation) or biotinylated rabbit anti-rat IgG (Vector Laboratories, Burlingame, CA) followed by ZyMax streptavidin/HRP-conjugated (Zymed Laboratories, San Francisco, CA). Enzymatic reactions were developed by using DAB. Natural killer cells were identified by using a rat anti-mouse LY-49G2 mAb (PharMingen, San Diego, CA), macrophages by using an rat anti-mouse CD68 mAb (HyCult Biotechnology, Uden, The Netherlands), T lymphocytes by using a rabbit anti-human/mouse CD3 polyclonal antibody (Dako Cytomation), and neutrophils were evaluated on the basis of the morphology of cells Gr1 ϩ (rat anti-mouse Gr1 mAb; PharMingen). Positive cells in 10 randomly selected high-power fields for each case were counted by using the WinRec software (Image-Pro Plus, San Diego, CA).
Confocal Microscopy. BeWo cells were seeded onto 0.4-m pore size Transwell inserts (Costar, Corning, NY) at 5 ϫ 10 5 per each 12-mm diameter filter, grown for 4 days at 37°C in 5% CO 2 , and fixed for 20 min at 4°C with 4% paraformaldehyde in PBS. Inserts were mounted with FluorSave reagent (Calbiochem, San Diego, CA) and stained with a rat anti-human D6 mAb and a purified rabbit polyclonal antibody for zonula occludens 1 (Zymed Laboratories), which defines the transition from the basolateral to the apical side of polarized cells. Appropriate negative controls were performed with irrelevant antibodies. Propidium iodide was used for nuclear staining. As secondary antibodies, Alexa-Fluor goat anti-rabbit 647 and Alexa-Fluor goat anti-rat 488 (Molecular Probes, Eugene, OR) were used. Images were acquired with a FV1000 laser scanning confocal microscope (Olympus, Hamburg, Germany). High-resolution images (1,024 ϫ 1,024 pixels) were acquired sequentially with a ϫ100 1.4 N.A. Plan-Apochromat oil immersion objective (Olympus), and three-dimensional reconstruction and analysis were performed by using BP-IMARIS-4.2 Imaris colocalization 4.2 software (Bitplane AG, Zurich, Switzerland).
Calcium Flux Assay. Changes in intracellular calcium concentrations were monitored as described previously (31) . Briefly, HTR-8/SV40neo transfectants (10 7 /ml) were incubated with 2 M Fura 2 acetoxymethyl ester (Calbiochem) and 20% pluronic acid (Molecular Probes) at 37°C for 30 min, washed twice, and resuspended in HBSS (Sigma) containing 1.2 mM CaCl 2 . Cells (3 ϫ 10 6 per cuvette) were stimulated at 37°C, and calcium concentrations were recorded in a LS50B spectrophotometer (Perkin-Elmer, Norwalk, CT).
Chemokine Transcytosis Assay. BeWo cells were seeded onto 0.4-m pore Transwell clear filters (Costar) and grown to complete confluence for 7 days. Ten nanograms of CXCL8/IL-8 or CCL3L1 per ml was added to each Transwell in the upper chamber, and after the indicated time of incubation at 37°C the chemokine present in the upper and lower chambers was measured by ELISA.
Chemotaxis Assay. HTR8 transfectants were plated onto 8-m pore Transwell filters coated with Matrigel (BD Biosciences) with the chemokine. After a 22-h incubation, filters were cut, stained with Diff-Quick (Dade Behring, Duningen, Switzerland), and migrated cells were counted. Results (mean Ϯ SD) are the mean of five counted fields. Chemokine Scavenging Assays. Chemokine scavenging was analyzed as described previously (6) . Briefly, BeWo cells (2 ϫ 10 5 ) were incubated at 37°C in 200 l of binding buffer (RPMI medium 1640/4 mM Hepes, pH 7.4/1% BSA) supplemented with 20 ng of the indicated chemokines per ml. After 18 h, the chemokine concentration in the supernatant was measured by ELISA. In a series of experiments, chemokine degradation was evaluated by using 125 I-CCL4 (GE Healthcare Europe GmbH, Milan, Italy), as described previously (9) .
Animals and Animal Models. The generation and genotyping of D6 Ϫ/Ϫ mice have been described previously (12) . D6
Ϫ/Ϫ and WT C57BL/6 mice were bred in a specific pathogen-free/viral antibody-free barrier facility at Charles River Italia (Calco, Italy). Mice (6-8 weeks old) were used in accordance with institutional guidelines in compliance with national (32) and international law and policies (33, 34) . All efforts were made to minimize the number of animals used and their suffering. The day of vaginal plug detection was considered as day 0 of pregnancy. In the LPS-dependent fetal-loss model, mice were given an i.p. injection of LPS (0.4 mg/kg in 200 l of saline) or vehicle on day 7 and killed on day 11. To block inflammatory chemokines, animals were treated with a mixture of goat antibodies to the mouse CC chemokines CCL3L1 (catalog no. AB450NA), CCL4 (catalog no. AB451NA), CCL2 (catalog no. AB479NA) and rat mAb anti-mouse CCL5 (catalog no. MAB478) purchased lyophilized from R&D Systems, resuspended in PBS, and mixed. On days 6-9 of pregnancy, mice were given i.p. injections of 200 l of the mixture, equivalent to 100 g of each antibody. On the same days, control mice received i.p. injections equivalent to 400 g of irrelevant antibodies (normal goat IgG) in 200 l of PBS. In the aPL-dependent fetal-loss model, mice were infused through the tail vein on day 0 with human serum IgG (10 g per mouse in 200 l of saline), purified from antiphospholipid syndrome patients or healthy women as described previously (35, 36) , and killed on day 15. Resorbed fetuses were identified by their small size and necrotic or hemorrhagic appearance compared with normal embryos. Results are presented as the percentage of fetal loss, calculated by using the formula R/(R ϩ V) ϫ 100, where R is the number of resorbed fetuses and V is the number of viable fetuses in each experimental group, and as the percentage of females with fetal loss, calculated by using the formula F/(F ϩ N) ϫ 100, where F is the number of pregnant females with any resorption in their litter, and N is the number of pregnant females without, in each group.
